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Yodulated Light Metnods in Polqrived wlght and Interference Mlcrosconpy

;gqp Robert D. Allen, Department of Blology, Princeton University

The 1light microscope 18 used today principally as a magnifier
for ovserving and photographing c:lls, tissues, mlcroorganisms, and
various other small objects., 4is :zvervone knows, a good microscopist
svrives to achieve in his photomicrographs what has come 1o be called
"200d image quality". In other words, he attempts to capture and record
as much informatlon about the specimen as possible. A4s ié well known,
the factors which 1limit the amount of detalled information in an image
are (1) the numerical aperture of the opticai gystem, which determines
t?e lateral resolving power, and (2) the efficiency of the contrast-
éenerating system and 1ts specificity for a particular optical property.

Contrast in all microscoplic lmages depends ﬁpon well-understood
light-matfer interactions, such as absorption, refraction, dlffraction,
double-refraction (birefringence), opti... rotation, <luorescence,
polarized absorption (dichroism) - u p¢ .irized fluorcscernca. It is
now well eséablished that each of these light-matter interac :lons,
which shéil “ater refer to onliy as "optical properties", .y impard
extremc .y seful .nformation to cell blologlsts, espacl .» those who
are interested in the functlion of macromolecules in c¢.. .. and tlssues,

“nin : > last quarter of a century a number ox _.aportant
spec. zed . croscopes have been produced which permit mlcroscopiszc
to e ce contrast in the image due to one speclfic optical propert&.
The pr~.2-contragt, interference, and fluorescence microscopes and ine
microspoctrophotometer are familiar eiamples. Polarizing anq dark-

field mi croscopes are older, but perhaps less familiar instrments of
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In thes case of each of .these specinlized microscopes, -contrast

aé to a single optical property 1s enhanced, but the contrast never
becomes highly specific for a partlcular optical property. 4s a
conseguence, precise quantitative microscoplc measurements are almost
impossible. For example, in microspectrophotomettric measurements of
1ight abgeorption, errors may - > L+ zue %o refraction, light
scattering, and dichroism. 5. z..wrl- 1in birc’rinsence measurements
lignt scatterir~ <=bsorption, aznc rerraction may irvroduce errors,
The multiplici~ of contrast sources thus plapgues virtually every kind
of physical r.:.oscopic men.urenaat,

Considering the fact that most o. the information we have about
the form ana function of cells ha:z ccme to us througn the microscope,
1t behooves us not to throw away neecliessly any potentially useful
and interpretable information jusi because of the purely technical
provlem posed by the multiplicity on contrast sources. A list of
important information that can be obialned from physical microscopic
measurements 1s a;ready impressive: 1t includes the dry mass of single
cells or their inclusions, organic matter concentration, mola; con-
centratlons of speciflc substances, the orlentatlon of fiorils,
membranes or molecules below the resoiution 1limit .. © ¢ -:croscope
lenses, changes in mac;omolecu;az coniormation, the orie- .wlon of
chemical bonds, +he localization and concentration of flu rescent
stains, antibocies, etc. The rewards would therefore be .ignificant if
=+ v could .. Found for making precise measurements of the opiical

- sreles of microscopic specimens withoul reco -'se& to the usual
ceprrntlon of image contrast inte 1ts component  .uses. |

I am very pleased to repori that conslderav.2 progress has been
made toward the development of a universa. “easurlng microscope which

in effect allows the mlcroscoplst to encode a selected optical
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- preperty for reglstration as an electrical signal, which mn be used

for point measurements, one- or two-dimenslonal scans of the image,

H

casurements at one or more points in the image through time, and
spectral scans. An instrument has been produced for us by the
Princeton Applled Research Corporation with the cooperation of the
Carl Zelss works in Westerm et ay wrrougn a Research Contract” with

Natlonal Aeronazutics and so&c: . aplnic lwiicn., The Par-Zelss Micro-

scope System, - 4% willl pe called, is an integratea optlical-electronic

gystenm embolyisr ir «atirely new approach vo quantitative physical
microscopic seasurements which envirely avoids the use of image con-
trast in the conventional sense as a measure of any optical property.

-

Instead, eachn optical property may be selectively encoded as an

|

ntenslity modulation pattern through the use, for cach optical property,
of an unique arrangement of auxilliary optical devices 1in the microscope..
Each optical property ls measured electrically on a linear scale with
a maxizum allowable error of one wercent of whatever full-scale
deflection sensit&vity 1s in uze. Tr  z2dvantages of thils approach are
that (1) measurements may be made very rapidly (with response itimes
ranging from one msec to ten seconds), (2) the nolse level 1s extreumely
low, so tpat very small effects can be detected, and (3} %there is no
loss Whatéver in lateral reso’u“ion made possible by The microscope
lenses, fTh 5 last statement .. urue even in polarized lightv mic
erc Drdi“;*y images are dlswt -oed by anomalous diffractlon

e principles basic %¢ 11 of the methods th.i can Dbe ussaad ik
+hiz . astrunm:szt are best described for the case of the Zirefrinzeris
Detection Sstem, published last year by Allen, Brault aud Moore in
""he Journal of Cell Bilology". In this system, 1light from a sultable

source is passed through a polarlzer, an eleotro-opuic iight modulator
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1)y & specimen in an optlical system free from strain,and an analyz
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dna‘ig deyected by a sensitive photomultiplier.
The IOLY Ls the most essentlal element in the systém, since
1t serves not only as the light modulator for encoding the birefrin-

gence informatlion from the specimen as a phOotocurrent ampllitude

modulstion, Tut a2liso ag an auwtc tlc compensator for measuring phase

snifis or v ... retardatlions oy =pplyng electrically-induced phase
shifitc of . osive sign. The EOLM i1s . Z-cut crystal of potassium di-
deuterium 7 “sspaate which acquires new crystalline axes; that 1ls, 1t

becomez bi: Tringent, when o volitaze ls applied to 1is optleal surfaces.
Tae 1 .uce. Jirefringence 1s knowras the Pockels effect, and iis value
in thi. apr.ication 1ls its strict linearity and known wavelength dependen

¥

* .2 opsration of the system is best shown with a dilagram (Fig. 2).
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introduce square-waves of phase shifts on both sldes of zero. When a
phase retarding specimen 1s added to the optlcal system, the
tbtal retardation is no longer symmetrical about zero, so that the
réctified square-waves of photocurrent from the photomultiplier develop
a repetitive asymmetry, which in effect is a phctocurrent amplitude
modulation at the fundamental frequency of the .scillator. The lock-
in amplifiér, which is_a phase- -nd frequency-....oxtlve device deriving
ts referehce signal from the oscillator driving the ICLY, res»nHcnds
tCc this pﬁotOCUTrent modulation with a large DC voltage, wricn .. re-
Turs . to’ he EGLM as negative feedback to return the total retlardation
to z:70. This servo 1s linear by virtue of the linearity of tne
Pockeis effect, and the instrument ls deslgned to operate with unifornm
error of one pexrcent, —

The microscope is a Zelss Photomlcroscope I modified Lo accomodave
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re needed for tnis method. The design shown in_Figuré 3 allows us to
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- 411lunminnte. the specimen with full-fleld red unmodulated light while

¢ scanning 1t with a microbeam of short-wavelength light with wihich
mcasurements are made. Light from a zirconium oxide arc ls firsi
filtered for the deslired spectral reglon, then passed througn the
rodulubor assembly. The microbeam is formed by a sliit or circular
aperture imaged first in the plane of the rear dliaphragm then again
in the specimen plame. A dlchroic mirror mixes short-wavelengih
nlcroveam energy witn the long-wavelength ‘lignt used to permlt an
observer to locase the exact position of the microveam relative to the
specimen and <oatect any form changes or movements of the specimen during
measurcments., Thne observer sees, or miy record photographically, a
blue or greenspot (the focused microbeam) in a red field. A dichroic
beam splitter in the tube~head gends the mlcrobeam energy 1o the photo-
multiplier and the red illuminatlon to form an image of the specimen.

With this system, 1%t 1s possible to make spot meacurements in

the specimen and record changes with time; or, the specimen may be
slowly drawn across the microbeam to provide a one or iIwo dimensional.
sean. Mr. Richard Burger in my 1aboratory ... designed . simple
electromechanical device which provide iinear motions which are
reproduclble to very nearly the resolution 1imit of the mlcroscope.
The s lest pjhnase retardation that can be measured 1is approximately one
miillion<h bf e wavelengtn of 1light, or a distance waich is smal.
comparad to interatomic distances. The limltation om the absolute
sensiti?ity hasg proven to be photonw nolse; that i. statistical "
flucsuations in the stream of photons striking the photomultlplier,
The sipnificance of this fact is that substantial imprévements in

erfornrnce of instruments of thils type can be attalned oy by increasing
P

thne brightness of the 1light source.




2ae Instrument which has made such sensitive measurements pos-
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s40xe has been in our laboratory for only a short time. However, 1t 1s
on loan to the company which developed 1t while I attend two meetings.
I% 15 now on exnivit at this meeting. I shall not give you any de-
talled information on the performance of the instrument since you nay

£

see 1t in operatlion and examinc - e preliminary specificatlons yourselves

Zastead I should like +to . t .. some of the possible Types
of measurenments that can be c... it . =vs3tem, Tnese fall into
three classes. In the firsw 2.~ (- wze 43 are the funciions
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associated with polarized and inzerferunce micrcsczopy. Note that if a
quarter-wave plate follows the ECGLM, the instrument records not
birefringence but optical rotation., L% is still sensitive to bire-
fringent oblecis, but only at certaln anpgles at whlch these objects
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ous rotution. We have found +that it 1s possible to
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measure rotation and birefringence independently of one another 1 a
second EQLM is added and two lock-in nmplifiers at different frequenciles
re used, One channel allows the experlmentor To remove iny spurious

rotation due to the birefringent obJect and the other al. s a measure-
ment of the residual rotatior wia.ch ic¢ real, Thls is appr.rently the
first system witk which it has been possible to measure optical

rotation ir. ..croscoplc objects.

m

:rhay .ae most important appllcatlon of this system in cell
blolozy will se in interference microscopy, where opiicnl path dii-
ferences can ve used for weilghing cells, determlning thelr dry ~~ss

concertration, volume, and refractive index. The preclsion anc 3Teed

of all interferometric measurements m2y now bLe increased by bew. I
10 anca 100 Simes.
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ue to nbsorptlon, that is, microspectrophotometry. The

shows schematleally six different methods which may

ve uscd Lo citect such losses witn varylng degrees of precision and

specificity Zor absorptlon in thne Tace of other possible types of

losses sresc .~ . ell, such as I ‘raculon and llght scattering.
mne lacs thr:e meitnods employ a Louble-sz2am. These,

like the bire-

fringencce W Farements wethod, are lini=cd only »y photon nolse from

P . observer se 3 ~-5 spots in the field, one large

and the othe. small. The latter is th. cample oo which detects

1ight lccses in a speclmen drawn . 0S8, 1t; the former 1s the reference

wam, wa.Lch 1.z¢ the reference beam of an interference aicroscope must

be xept clear of any debris. The ovticnl arrangement uses the retard-
£ D

atiocn oY She 3Z0LM to act as a linear scIivo measuring and compensating
for ligat losses due to absorption. Any part of the transmission scale
nay be expanded, so wat extremely small changes in transmission can
be recorded as rapidly as 1n one millisecond.

The <hird class of functions of the PAR-ZEISS losvramoent is vwhat
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211led “"transmission analogue” measuremeni. ol Ilu.  uscence

and lizht scattering. Here agaln & numbsr of metnods are pooslble, buv
those ofcholce are double-beam melnods wsing the servo and

~ <
.omparison

standard of eitner fluorescent material oi 2 nown concentr  oion

Lisnt-ccatieriny material. Since in Tinese arrangements, tne ino .72

PRV o

ment 1s essentlally a comparison photon counter, it should be possivle
Lo mencure tne concéntration of fiuochrome, something which would Dde
of preas convenienoeyin quaniitative studies of the localization of
riuworeccein-labeiled antlbodies,

L .Ce

Taille time nas not permittea me Lo g£0 into the detall of any of




lnerentad ;f‘single optlcal propertles are selectlvely encodéd by
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modulaved lighat for electrical resistration. This revresents -
N b - »

nevw approacn and seems to be the method of choice for all Xinds of




3 KC LOCK-IN AMPLIFIER

lllllllllllllllllll e e e e . m - e e - S e s e e = m e ey

*. BAND - 4SS AVPLIFIER J-——>{ PHASE -SENSITIVE DE TECTOR T!I* PHASE - m:_ESTz —-{osciLUaToR] |

llllllllllllllllllllll e e am cm e e e r e om e n ii,a&IIIL

B

[vouweTer] [5c Aierrien] oo {RoToly DANER]  FRCENGENCE

- :fﬁ.r

OPEN
LOOP

- A e e
S L | senvo

-

[Ceve Jop{canera]

[(meace )
{OSCILLOSCOPE _ B
il L MODULATOR  POL

y AN | L /
s _pHoto 1T a_ 1 @ LIGHT
- . L e MICROSCOPE fg----- " N << <~ SOURCE OoPTICS
SR fx_ _TM R :
e \~ - K o —

ﬁ,mm.oomomm _ |

LIGHT .. W
SOURCE . . _
zml M

OPEN |
LOOP |

e [ S T P »lx!...Hi.l ) ‘, o PR mo.ﬂ\wrﬂ ~OZ m
. [VourneTeR] [0.c. APLIFER © [pe r-oniver Oy |

._. s_
- Josen 29& ' |
i s 4

PRSP

o L. . #y\w).:o P/m >:; l—

r‘llllAI(...t-.l‘lt..ilc‘l\s.., . - - . . - N

30 CPS 1LOCK-IN-AMPLIFIER

-~ ﬂi N T LTI R r R
_




Tor
» 0
r§ley]

- o~
GraG

R&

Compinse
&
L]

Mol
~aseroation

hy
i

7
i

J

i
1

<

i
i

v

i
[}

[ g
< i
§

s

s

otccurrent - —— ——— — - — - o e

N

[TT1]

Ear

3
5
[}

-
w

Servo~ ——
CIDONS 3

i

0 §

[ PPN
Vi
OO0

(uf‘;in!\.l& | SR

9
¢

Iy
&
uu

1
( : ..ZliTl\

ﬁﬂ..!...! S

NS

Res:




\, .

SRV

Wn\m_ QN\H\JM;@\;

44

(W ya

IR RIS SN S

SISy

T T 2

n L

N.N\NNQ.»N.WW R

SZTTZLTTL.

R TR N
h it,r,ryﬂ /Mn/bAvm




TIHVHD

HOLLVLCY

SO0

= e e e e

L - -

WAV N -NOOT S OF

TRE ST s ad vra e eB GWB e ddee  me ewe w mh o e e e e e b e e et mad e v

we e e ey

MOV 1750 - SOIDT LI SAILSHES

T P zs_

(e v ou]

[42ARG 1003 DV} q

<007
NZdO

o | J
".ml
32N0S
LESN
Al . .

Z =t tJ:;_.

Ao
MIT
!
Vi
jf
1t

!
SR
=
5 |
3
=

i
¥

i

Py
N
b
’
—b—

] o R T A C. . e 1, IR N
: Lol Li.. —V; mi, ..:a!.zi-a_ ..O.rQ,E
0d BOLV INACH

—

; ¢
N

QAMIS

(U35 3svid —>{ BOIZIL20 2ALISH3S 35w Je - [Ny 6 s civafadeay

S

AV A

[Fe i)

TR R R S Ieh m—— [v3130ev ] EETEAINTY

i 5_ .; w./_

U.wm.«:._;, >

~N307T ONK

HANETY NI

I




PHOTO-
M IPLER

SC0PY

TR

.
o

NCE G

~

£

4L TO

ru

P

o

Serw

‘v

gL

-t

———

]
a

‘4{
Lock-in
Armptiior
Loek -
Ao |

Y e O3 NY e -8 nve
WY B

RoAch

e renn o oo R, . QEJ =
4 =4 AM 2
(] P @
v I 5 a W@
LT | u, o oy 3
o ¢ s e
1 . = ¢y aZ c Mw. Mm
Ee] 535 LG S61.
o O o O %) (O] N
; ; : 5
[72) w

L rirnmd

A €ISy
p/CTTIITN O $/CETTII R ) ¥/X ﬂ.:..ln;.rlﬂ.wJ Kol
TR OF [oottant B N BB G @k N aseapeness A7) 03 =3 G AL R0k X edmanib Jo) 4
0d ~— o= O Wd -0 W L Wd —— 0
dY - - 4¥ - - gy - e gy — —

“ 2 g

56
2 .
Channas

f
1

2 -~
5 >
Sz 2 .
R 5 ¢ £ S
205 T 0.2 NI
O = 562 5<% 5%
x € x =k 2,8 28
yb.@ — o O -\MUMH 5%
1 o= g 0% 52
b & :nW & 58
Vheo4L k]

(45 [ ad




